ABSTRACT: In this Research Article, a novel inkjet printing technique, micro impact printing (MI printing), is applied for the first time to combinatorial peptide microarray synthesis on amine functionalized microdisc arrays through standard Fmoc chemistry. MI printing shows great advantages in combinatorial peptide microarray synthesis compared with other printing techniques, including (1) a disposable cartridge; (2) a small spot size (80 μm) increases array density; (3) minimal loading volume (0.6 μL) and dead volume (<0.1 μL), reduce chemical waste; and (4) multiplexibility of 5 channels/ cartridge and capacity of multiple cartridges. Using this synthesis platform, a tetrapeptide library with 625 permutations was constructed and then applied for the screening of ligands targeting α 4 β 1 integrin on Jurkat cells.
■ INTRODUCTION
In the early 1960s, Merrifield developed solid phase peptide synthesis (SPPS) by growing peptides tethered on a solid support. 1 This established a solid foundation for the field of multipeptide synthesis and combinatorial chemistry 2−6 and became an essential research tool for various biomedical and material applications, such as drug discovery 7 and ligand− receptor interaction study. 8 Over the years, several advances have occurred in the development of peptide synthesis. The one-bead-one-compound (OBOC) method 4 has been widely applied for peptide library synthesis, but suffers from a slow and relatively expensive decoding procedure that is required to obtain the peptide sequences of positive beads. 9 In contrast, peptide arrays are spatially addressable. 10 The diversity of peptide arrays, however, is more limited, and therefore this technology is more suitable for ligand optimization and SAR studies. Peptide arrays prepared by SPOT synthesis 11, 12 method uses standard solid phase peptide synthesis (SPPS) chemistry. It is robust and can be performed by automatic equipment, but the array density and throughput are limited. 13 The lithographic method 14, 15 and particle-based techniques 16−18 can greatly increase the peptide array density but can only be applied to amino acids with nonstandard protecting groups due to their dependence on special chemical reaction conditions, such as light irradiation or high temperatures, which may also result in low yield compared with traditional t-butyloxycarbonyl (Boc) or 9-fluorenylmethoxycarbonyl (Fmoc) protection chemistry. Inkjet printing 19−22 shows great potential because of its ability to generate droplets at a picoliter level with a frequency at the kilohertz level, leading to high array density and throughput. Furthermore, it is compatible with standard chemistry, which guarantees high coupling yield. Current development in inkjet printing synthesis, such as piezoelectric dispensing 19, 20 and acoustic droplet ejection, 21, 22 are in slow progression mainly due to high costs, the complexity of the printing systems, and required cartridge replacement. Thus, far, only the feasibility of these two methods has been tested by synthesizing peptide arrays with identical sequences using a single-channel device; large scale combinatorial peptide synthesis has yet to be explored. 15 Our group has been working on a modified inkjet printing technique, referred to as microfluidic printing, which includes microfluidic impact printing and microfluidic pneumatic printing. Recently we have demonstrated the use of a microfluidic pneumatic printing platform to generate peptide microarrays. 23 The resulting repeatability was larger than 90% according to analysis for both intrachip and interchip replicates, which indicates good synthesis yield. As an alternative approach, this paper describes the application of our recently developed microfluidic impact printing (MI Printing) technique 24 for combinatorial peptide microarray synthesis. Compared with the pneumatic printing platform, the MI printing platform can implement smaller footprint due to its faster response. More importantly, in this study, we verified the amino acid coupling efficiency by sequencing the resulting sample on a Procise protein sequencer. Results indicated good coupling efficiency, which further verified the potential of the MI printing platform in peptide array synthesis. Taking advantage of the fully detachable/disposable polydimethylsiloxane (PDMS) cartridge, the MI-printing system greatly reduces the cost of cartridge replacement.
■ RESULTS AND DISCUSSION
Microfluidic Impact Printing Synthesis. The microfluidic cartridge (Figure 1a ) is mounted on a commercial dot matrix printer head with five pins. Upon printing, pins in the dot matrix printer head squeeze the cartridge membrane, thus generating a droplet (Figure 1b) . In traditional inkjet printing techniques, a piezoelectric or thermal electric material is usually integrated with the cartridge, resulting in a high cartridge cost. However, for MI printing, the cartridge is purely composed of low-cost PDMS material, which can easily be detached from the dot matrix printer. This results in a disposable cartridge design and greatly reduces cost, while also avoiding contamination. Small size (80 μm), multiplexed (5 channels per cartridge) droplet arrays ( Figure 2 ) can be achieved using the MI printer, demonstrating its capability of producing combinatorial peptide libraries. Moreover, due to the geometry of the cartridge, the loading volume in each channel is only 0.54 μL, while the dead volume is less than 0.05 μL.
24 Such features are highly desirable for peptide synthesis research considering the high cost of some unusual amino acids. For large-scale array synthesis, the system can also be easily adjusted by expanding the reservoirs to contain large amounts of chemicals and using multiple cartridges.
To demonstrate MI printing synthesis technique and its biomedical utility, we implemented the synthesis of a combinatorial tetrapeptide library with 625 permutations, which was then screened with Jurkat lymphoid malignant Tcells for α4β1 integrin targeting. 25 To achieve high yield from peptide synthesis, an amino-functionalized polyethylene glycol (PEG) microdisc array was first fabricated on a glass slide support as the solid support for peptide synthesis. Compared with conventional peptide synthesis directly performed on glass slide, the PEG-based microdisc has several advantages: (i) it has very low nonspecific binding compared to glass surface, (ii) it has better visibility and more flexibility in patterning (i.e., we can control the pattern and thickness of the PEG microdisc), and (iii) it has higher peptide-loading than glass surface or glass microdisc, and is therefore suitable for solution-phase releasable assay. 26 The fabricated micro discs were 200 μm in diameter, 5 μm in height, 1.2 mm in center-tocenter distance, and had an amine loading of 0.24 mmol/g. A PDMS frame was then attached to prevent crosstalk. Amino acids were then dispensed into the PDMS wells by the MI printer and coupled to the microdisc array. Standard Fmocprotected chemistry was used: after the protecting group was removed, the next Fmoc-amino acid was coupled. The coupling cycle was repeated until the last amino acid was coupled. The entire synthesis procedure is illustrated in Figure  3 . Bromophenol blue was used to detect the presence of free amine groups before and after the coupling reaction and after the removal of Fmoc. The reaction time was found to be optimal at 1 h, thus total time consumption could be less than 2 h for each coupling cycle, which includes printing (20 min, may vary on library size) Fmoc deprotection (10 min) and washing (10 min). The coupling yield was verified by synthesizing a tetrapeptide, Nle-Asp-Phe-Glu, followed by sequencing the resulting microdiscs on a Procise protein sequencer. Sequencing results show very little impurities ( Figure 4 , with standard absorption included in Figure S1 and high-resolution absorption data in Figures S2−S5) , thus demonstrating the coupling efficiency of the MI printing synthesis method. To target α 4 β 1 integrin, which is highly expressed on malignant lymphoid cells, we designed and synthesized a tetrapeptide library with the N-terminus capped with 4-[(N′-2-methylphenyl)ureido]phenylacetic acid (UPA). The library is referred to as UPA-X 1 X 2 X 3 X 4 , where X 1 , X 2 , X 3 , and X 4 represent the last, third, second, and first amino acids that were coupled to the substrate, respectively. Leu-Asp-ValPro is a known binding motif for α 4 β 1 integrin. 8 To keep the diversity of the peptide microarrays small, we picked three of the four amino acid in the motif: Leu, Asp, and Pro. Val was chosen not to be used because it is very similar to Leu. To add to the diversity, we also chose Ala and Arg. With a total of five building blocks (Leu, Asp, Pro, Ala, and Arg) in each coupling cycle, and a total of four cycles, the peptide microarray library had 5 4 = 625 permutations. Cell Binding Results. To identify positive sequences that can target α 4 β 1 integrin within the library, the entire microarray was screened simultaneously, in situ, against live Jurkat cells, which is known to have a high expression level of activated α 4 β 1 integrin. 27 After incubation, selective cell attachment on microdisc was observed and summarized ( Figures S6 and S7) . The cell binding affinity was evaluated according to the area covered with cells on each microdisc, where strong, medium, weak, and no binding were represented by >50%, 10%−50%, <10%, and 0% of the disc area covered with cells, respectively. A color contour map (Figure 5a ) was drawn (3Dfield Pro) to display the binding results. Four regions with strong binding can be observed, corresponding to preference of Arg-Asp, Leu-Asp, Ala-Asp, and Arg-Asp sequences at X 1 X 2 position. Among them, Leu-Asp and ProAsp were already identified as positive motifs targeting α 4 β 1 integrin by existing publications in the Leu-Asp-Val-Pro library, 8, 28 showing our results to be consistent with previously published results. To further verify that both sequences, ArgAsp and Ala-Asp, were targeting α 4 β 1 integrin instead of other surface receptors displayed on Jurkat cells, a competitive screening method with high stringency was carried out. 8 In this competitive screening method, 100 pM of BIO-1211, a known high-affinity α 4 β 1 antagonists, 29 was added to the Jurkat cell suspension. Selected pictures of microdiscs, obtained under this higher stringent screening condition are shown in Figure  5b ; only microdiscs with Leu-Asp-Arg-Leu, Leu-Asp-Arg-Asp, Leu-Asp-Arg-Ala, Leu-Asp-Leu-Leu, Leu-Asp-Leu-Asp, LeuAsp-Asp-Leu, Leu-Asp-Asp-Asp, Leu-Asp-Asp-Ala, and LeuAsp-Ala-Asp sequences still had cells attached, while no cell binding occurred with the other microdiscs. This can be explained by the presence of the high affinity BIO-1211, which targeted and blocked some of the α 4 β 1 integrin displayed on the cell surface, leaving fewer binding sites for the peptide array to interact with the cells. Under such conditions, peptides with Arg-Asp and Ala-Asp motifs had no cells attach, indicating that both of these sequences target the α 4 β 1 integrin specifically instead of other surface receptors. The reason why there were cells still attached to the aforementioned sequences is most likely due to the strong binding affinity of the Leu-Asp motif. The results obtained from the above feasibility study clearly demonstrates that the MI printer can generate peptide microarrays with high array density, high coupling efficiency, and low cost. Such peptide microarray platform can provide invaluable information on SAR of peptide-integrin interactions.
■ CONCLUSION
We have reported the utilization of our previously developed microfluidic impact printing technique, in combination with the PEG based microdisc array substrate, for combinatorial peptide microarray synthesis and screening. The MI printing possesses several distinct favorable features including disposable cartridge, very low dead volume and multichannel integration. The PEG microdisc provides a preferable substrate for synthesis and screening due to its low nonspecific binding and compatibility with both aqueous and organic conditions. As a proof of concept, a tetrapeptide library with 625 permutation was synthesized targeting α 4 β 1 integrin highly expressed on Jurkat T lymphoid cancer cell. Future work may include increasing the microarray density, expanding the library size for higher throughput screening, including multiple cartridges so that over 20 amino acids can be used, and increasing the printing speed with a better on-the-fly printing mode for the synthesis of larger libraries.
■ EXPERIMENTAL PROCEDURES
Glass slide (2 in × 3 in) was plasma-treated for 15 min, and immersed in 1% (3-acryloxypropyl)trichlorosilane for 2 h for silane cross-linking. 200 μL of polyethylene glycol diacrylate (PEGDA) (MW = 700), 112 μL of cross-linker (trimethylolpropane ethoxylate triacrylate), 8 μL of photo initiator (2-hydroxyl-2-methylpropiophenone), 7.2 mg of 2-aminoethyl methacrylate·HCl, and 300 μL of deionized water was mixed as prepolymer for microdisc cross-linking. The solution mixture was then sandwiched between the glass substrate and a photomask. Cross-linked amino-PEG microdiscs were then formed upon UV polymerization through a photomask under 365 nm UV light, with a total exposure energy of 150 mJ/cm 2 . The amine loading was measured by reacting the PEG discs (scrapped off the glass slide with razor blade) with Fmoc-OSU followed by thorough washing and then removal of the Fmoc with 20% 4-methylpiperidine. The released Fmoc in solution was quantified by measuring its UV absorption at 276 nm (Nanodrop). Amine loading can then be calculated based on the weight of the dried PEG discs and the amount of Fmoc quantified by UV measurement. 0.5 mm thick PDMS membrane (40 mm × 40 mm) was laser cut into hole arrays and attached to the glass slide by self-stiction with each hole aligned to a microdisc to prevent crosstalk.
MI-Printing Synthesis. The MI-printer consists of a multichannel microfluidic cartridge, a commercial dot matrix printer head, and a three-dimensional traveling stage. A detailed assembly of the printing system, fabrication of the microfluidic cartridge, and its working principles can be found in our previous paper. 24 Fmoc-protected amino acids (120 μM) were dissolved in a solution of 1-hydroxy-6-chlorobenzotriazole (6-Cl HOBt) (120 μM) and 1,3-diisopropylcarbodiimide (DIC) (120 μM) in anhydrous N,N′-dimethylformamide (DMF). 100 nL of selected amino acid solution was printed into specific sites on the chip, and incubated for 30 min at room temperature. The printing was then repeated immediately for double coupling to maximize the coupling efficiency. After another 30 min of incubation, the chip was submerged in a solution of 2% Acetic anhydride and 2% N, Ndiisopropylethylamine (DIPEA) (v: (v) in DMF solution, in which the PDMS frame was removed by peeling it off from the side, and the chip was immersed for 15 min to cap the remaining unreacted amine groups. The Fmoc protection group was then removed with 20% (v: (v) 4-methyl peperidine in DMF solution for 10 min, during which the solution was refreshed after 5 min. The resulting chip was covered by a PDMS frame again and aligned manually according to the microdisc array stained by bromophenol blue. The chip was then used for the next round of peptide synthesis. The whole procedure was repeated until the last amino acid was coupled. Afterward, 4-[(N′-2-methylphenyl)ureido]phenylacetic acid (UPA) was coupled to the N-terminus of the peptide chain on every spot using the same protocol. As the final step, the side-chain protection group was removed with a mixture of 5% phenol, 5% water, 5% thioanisole, 2.5% triisopropylsilane, and 82.5% trifluoroacetic acid (TFA) (v/v). After each step, the chip was washed sequentially with DMF (3 times) and ethanol (3 times), and then dried in the fume hood.
Cell Binding Assay. Jurkat malignant T cell line was maintained in a 95% air/5% CO 2 humidified incubator at 37°C
. Cells were harvested and resuspended to a concentration of 2 million cells per milliliter. The peptide chip was then incubated with suspended Jurkat cells in culture medium for 2 h at 37.5°C. Extra cells were gently washed three times with culture medium. The chip was then kept in fresh culture medium and examined under an EVOS transmitted microscope (AMG). After the first screen, the chip was recycled by adding 6 M guanidine hydrochloride, and then thoroughly washed with ethanol and DI water. For screening under higher stringency, the recycled chip was screened again against the same concentration of Jurkat cell solution but in the presence of 100 pM BIO-1211 in the culture medium. The chip was then gentle washed examined again under an EVOS transmitted microscope (AMG).
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